For easy performance of Lorentz microscopy with simultaneous electric measurements, a special specimen holder for transmission electron microscopy (TEM) has been developed that has electromagnets to generate magnetic field and four leads for electric measurements. This TEM holder was evaluated by checking experimental results of permalloy (Ni 0.8 Fe 0.2 ) patterns. Clear observations of domain wall injection into a nanowire and movement of magnetic vortices as well as magnetoresitance during the development of magnetic domains were performed. It appeared possible to apply in-plane magnetic fields along any direction with intensities of less than about 15.9 kA/m (200 Oe).
Introduction
Magnetic devices are widely used, and new functional devices are being studied in various fields. 17) Their physical properties, such as magnetoresistance (MR) and magnetization reversal, are strongly influenced by their magnetic microstructures. Therefore, the magnetic microstructures of tiny magnetic patterns have been intensively investigated by using various techniques 8, 9) to better understand their operation mechanisms and to develop new functional devices. In-situ observations of magnetic microstructures when magnetic fields are applied should provide key information about these mechanisms. Transmission electron microscopy (TEM), such as Lorentz TEM (LTEM) 1023) and electron holography, 24, 25) is a method that can satisfy this demand. The in-plane field along the film can be varied by simply tilting the sample in the remanence field of the TEM objective lens. 14) This is quite simple and can be performed without having to remodel the microscope. However, the inplane field is single-axial, and the varying speed is too slow. Inventive methods by using additional coils or small magnet whose tilting angles or positions can be controlled have been used. 2628) Even though interesting results have been reported by using these methods, the same problem described above still exists. Speedy field control can be achieved by introducing power control of the coils to generate magnetic fields.
2932) Some of these are double-axial fields generating rotational fields 30, 32) while the others are single-axial. The TEM specimen holder has coils on board in some cases. 30, 31) This is an advantage for conventional TEM users. When coils are activated to generate a magnetizing field, the electron beam for TEM observations is deflected by this field and the image is fatally shifted beyond the TEM visual range. Therefore, beam-deflection-back coils should be installed because, otherwise, the field strength is limited and weak. 29, 31) The TEM lens system usually needs to be reorganized in this case because the space to install these coils is limited. A magnetizing holder with a beamdeflection-back system has been developed by introducing wires instead of coils to generate the magnetic field. 33) Here, the TEM instrument does not need any reorganization, but the field is single-axial and the field strength is very limited. A TEM specimen holder with an electromagnet system applying a double-axial magnetic field and compensating for beam deflection needs to be developed.
Electrical measurements are required during LTEM observations when spintronic devices are investigated. There were some reports on this stand point. 17, 23, 34) This is another function that is needed for the holder we developed in this work.
We developed a TEM holder that had two miniaturized four-pole electromagnets. A beam-deflection-back-system was achieved without the TEM optical system being reconstructed by using this double-layer magnet system. In-situ electrical measurements were made possible by installing four electric terminals. LTEM observations with single-axial and rotational fields as well as in-situ MR measurements with LTEM observations were done using permalloy (Ni 0.8 Fe 0.2 , Py) thin film patterns to evaluate this holder.
Design of Custom-made TEM Holder and
Experimental Details Figure 1 (a) is a schematic cross section of the double-layer magnet system where the sample is sandwiched between two four-pole electromagnets made of Py. A triple-layer system is ideal to optimally compensate for the position and deflection angle of the electron beam. 29, 31) However, a double-layer system was adopted in this work because of space limitation. This design is for samples fabricated on 525-µm-thick substrates. Each four-pole electromagnet was assembled of two perpendicularly oriented two-pole electromagnets with ring-shaped yokes (º7 mm and gap of ³1 mm). The stray field in areas other than the magnetic poles is expected to be reduced by using the ring-shaped yokes. Two serially connected coils with ³30 turns were wound onto the twopole magnet, and the maximum current was 500 mA. An inplane magnetic field of about 15.9 kA/m (200 Oe) could be applied to the sample along any direction by controlling the current through the coils. The 1st magnet is to generate the magnetic field applied to the sample. Electron beam used for TEM observations are deflected by this field. The 2nd magnet below the sample is to correct this deflection. The TEM image can be prevented from fatal deformation and movement by using this double-layer electromagnet. While no other details are given in Fig. 1(a) for the sake of simplicity, four electric terminals made of Pt are arranged in the chinks of the 1st magnet. Four-probe measurements of resistance are possible by using these terminals. Figures 1(b) and 1(c) are photographs of the TEM holder that was observed from the back. This is a side entry holder designed for a JEOL JEM-200CX electron microscope. The sample cover is open in Fig. 1(b) , and the 1st magnet can be seen. The sample on the substrate is placed by facing it against the magnet and fixed by closing the sample cover. When the sample cover is closed ( Fig. 1(c) ), the contact pads of the sample are automatically made contact with the electrodes. The 2nd magnet is placed on the sample cover.
The TEM was a JEM 200CX microscope operated at 200 kV. The observations were mainly performed in the LowMag mode where the objective lens was switched off. The remanence field under this condition was measured to be 3.3 kA/m (41 Oe). Since this field is perpendicularly applied to a thin magnetic sample with a large demagnetizing field, this remanence does not induce a fatal disturbance on the magnetic microstructure. The magnetic image was observed with the Fresnel method where the image is taken under an out-of-focus condition.
The samples were prepared on Si 3 N 4 /Si substrates by photo and/or electron beam lithography and lift-off processes. The thickness of the Si 3 N 4 layer was mainly ca. 30 nm. After the magnetic patterns were fabricated, the Si substrate was etched from the backside by using 25 mass% aqueous solution (80°C) and the an observation window (typically 100 © 100 µm 2 ) was formed. As a result, the ferromagnetic sample pattern to be observed was on a self-standing Si 3 N 4 membrane. The substrate shape for this holder was a square of 5 © 5 mm 2 instead of the disk. A rectangular Py pattern of 100 µm © 10 µm © 30 nm connected to the Au/Cr electrodes is shown in Fig. 2 (a). This was for the four-terminal measurements of resistance. Disks and wires with pads made of 30-nm-thick Py are shown in Figs. 2(b) and 2(c), which were also used to evaluate the TEM holder with the double-magnet system we developed.
Characterization of the System

Control of magnetic field
Ferromagnetic cores made of Py were used to increase the magnetic field at the specimen and to decrease the unexpected stray field. A small Hall probe was inserted into the pole gap of the two-pole magnet that comprised the four-pole magnet to check the field strength, and the magnetic field was measured as a function of current through the coils. One example with a maximum current of 500 mA is shown in Fig. 3(a) . The maximum magnetic field was 17.0 kA/m (214 Oe). Hysteresis properties with a remanence of 1.8 kA/m (23 Oe) can be identified. We developed a software package to compensate for these hysteretic features to control the magnetic field by using current. Decrease and increase curves were separately approximated using polynomial expressions
where H, I and a n correspond to the magnetic field, current and constants to be fitted. This process was carried out in various series with different maximum currents of less than 500 mA, and the fitted parameters were stored on a PC. The experimentally generated field is compared with the designed value in Fig. 3(b) . The obtained field fits to the designed value with the deviations of less than 0.08 kA/m (1 Oe).
Distribution of the magnetic field in the pole gap
The magnetic field when a current of 500 mA was passed through the coils is summarized in Fig. 4 . The definitions of y-and z-directions are given in Fig. 4 (a) with a schematic of the two-pole magnet. The reduced field was about 1% along the y-direction (Fig. 4(a) ) when the position was 100 µm from the gap center (short arrow). The field within the LTEM observation window of 100 © 100 µm 2 (e.g., see Fig. 2 (b)) can be homogeneous. Figure 4 (b) indicates the field distribution along the z-direction, where the short arrow indicates the gap center. The magnetic field was about 0.56 kA/m (7 Oe) at 2.5 mm from the center. The distance between the sample surface and the pole piece of the 2nd magnet is more than 2.5 mm in the TEM holder we develope. Therefore, the field of the 2nd magnet should have a small influence on the magnetic specimen.
Magnetic field by the four-pole magnet
The 2nd electromagnet was activated by individually controlling the two two-pole magnets that comprised the four-pole magnet by using the previously described software package. The deflection of the electron beam with various H x or H y was recorded in multi-exposed images (Fig. 5) . By generating the field along H x in Fig. 1(b) without H y , the beam spot moved vertically, while it moved horizontally by H y without H x . The images of the electron beam in both cases are superposed in Fig. 5(a) , where the fields of 0, «0.80, «1.6, «2.4 and «3.0 kA/m (0, «10, «20, «30 and «38 Oe) were applied. Almost perpendicularly and equally spaced deflections were identified. The angle between two spot series slightly deviated from 90°. The degree of deviation depended on the beam position in the magnet gap. This can be compensated for by further developing the software package. We designed a rotational change of magnetic field that is shown in Fig. 5(b) . The beam spot was circularly moved by mixing two perpendicular fields (3.0 kA/m corresponding to 38 Oe).
Correction of deflection with double-layer magnet
system The Lorentz image moved fatally due to beam deflection by the 1st electromagnet. There is an example in Fig. 6(a) where images with H x = +0.72 kA/m (9 Oe to the right) and To correct this image movement, the 2nd electromagnet was simultaneously activated by using the software package described above. The resulting images with H x = «0.72 kA/m («9 Oe) are compared in Fig. 6(b) . It can be seen that image movement decreased significantly.
3.5 Temperature increase in sample due to current activating electromagnet The current that activates the electromagnet generates heat. This heat may raise the temperature of specimens inducing resistance change. A thermocouple or a semiconductor thermometer can be installed near the sample to check this problem. However, the Py sample patterns were on an Si 3 N 4 self-standing membrane with low heat conductivity. Thus, the temperature value measured with this method does not reflect the specimen temperature. In this work, therefore, the Py pattern itself was used as a thermometer to check the temperature increase of the sample. In order to investigate the temperature coefficient of the Py resistance, a Py pattern was set in a cryostat, and its resistance was measured by controlling the temperature. As is widely known for metals, the relation between temperature T and resistivity µ could be approximated to be linear around the room temperature (RT). Assuming a relation of
between 233 and 303 K, the temperature coefficient ¡ was estimated to be 1.34 © 10 ¹3 K ¹1 , where µ 293 is the resistivity at T = 293 K.
The resistance of the Py pattern was measured in the TEM instrument with various activation current of the electromagnet by keeping this data in mind. The results are summarized in Fig. 7 as a function of time, where one of the two-pole magnets that comprised the 1st magnets was activated. Three examples (90, 180 and 270 mA that correspond to 2.6, 5.8 and 9.1 kA/m (i.e. 33, 73 and 114 Oe)) are presented. The sample resistance gradually increased after passing the current through the coil. The resistance increase was 0.03, 0.15 and 0.37% for 90, 180 and 270 mA, respectively. This corresponds to the temperature increase of 0.2, 1.1 and 2.8°C, respectively. These values were low in air (2/3 or less) because of heat diffusion into air. This temperature increase may be non-fatal for films with large MR ratios such as GMR (giant MR) and TMR (tunnel MR) films, while AMR (anisotropic MR) films with small MR ratios should be treated carefully.
Applications
Three LTEM examples are described in this section that demonstrated the function of the present TEM holder which we developed.
Domain wall injection and movement in a Py wire
pattern The control of magnetic domain walls (DWs) in magnetic micro-or nano-wires has been widely noticed. 4, 5) To achieve stable injection of a DW into the wire, a magnetic pad is usually attached to the wire. 3537) DW injection and its movement in increasing magnetic fields is described in this section.
The 30-nm-thick Py pattern used in this experiment is shown in Fig. 2(c) . The wire was 25-µm-long and 1-µm-wide. A 5 © 5 µm 2 square pad was attached to the wire. A series of LTEM images with varying in-plane fields is shown in Fig. 8 , where the magnetic field was applied horizontally. After 7.96 kA/m (100 Oe) was applyied along the left and magnetization was saturated, the field was gradually removed. The situation in Fig. 8(a) was observed under this condition (0.0 A/m). While some magnetic structures can be identified around the apex, the wire was almost uniformly magnetized along the left. The contrast at the lower edge is dark while it is white at the upper edge. A clear structure of a solenoidal magnetic domain can be identified inside the pad, which is comprised of 90 and 180°DWs. The local orientations of the magnetic moments were roughly estimated as indicated by the arrows. By applying 0.48 kA/m (6 Oe) along the right (Fig. 8(b) ), the area of a domain around the pad's center increased and invaded into the wire. As a result, a vortex type DW 38) where the local moment formed a closed loop was injected as indicated by the arrowhead. Note that the edge contrast of the wire alternated between the left and right parts of the wire. By increasing the field along the right, the DW moved to the right (Figs. 8(c) 8(e) with 1.1, 1.9 and 2.1 kA/m, respectively). In addition, additional contrast appeared at the right of the wire, where the averaged magnetization was anti-parallel to the applied field. This was caused by the local moment deviations as was reported earlier. 39 ) At 2.4 kA/m (30 Oe), the Py pattern was almost saturated (Fig. 8(f ) ). Finally, it was fully saturated at 7.96 kA/m (100 Oe) (Fig. 8(g) ), and the edge contrast of the wire was reversed from that in Fig. 8(a) . Increases and decreases as well as reversal of the magnetic field could be smoothly accomplished by using the present system.
Movement of vortex core of Py disk patterns by field
rotation There have been many reports on the use of ferromagnetic micro-patterns for memories as well as logics. 3, 6, 7) The magnetic microsctructures in these cases plays a key role. They have been extensively investigated with LTEM and other methods. Of the various patterns reported thus far, disks with a vortex structure have attracted a great deal of attention.
4042) As schematically outlined in Fig. 9(a) , the local magnetic moment forms a clockwise or anti-clockwise loop, and the moment at the vortex core turns out-of plane perpendicularly to the disk plane. The LTEM image contrast of the vortex core and disk edge alternates depending on the chirality of the vortex, 9, 43, 44) as shown in Fig. 9(a) . The vortex core moves perpendicularly to the field by applying an in-plane field. The direction of movement depends on the chirality of the vortex, as shown in Fig. 9(a) . This section presents the movement of the vortex core by the rotating magnetic field.
The test pattern is shown in Fig. 2(b) . The LTEM images are presented in Figs. 9(b)9(e) where Py disks with a diameter of d = 5 or 10 µm can be seen. The arrows in these images denote an in-plane field of 0.88 kA/m (11 Oe). The bright or dark spotty contrast near the center of each disk corresponds to a vortex core. The differences in contrast are due to the differences in the chirality of the vortex as previously described. The vortex cores were displaced according to the respective fields to expand the area with the magnetization that was nearly parallel to the magnetic field. As a result, the bright and dark cores moved perpendicularly to the field but in different directions from one another. The core positions moved gradually by rotating the field.
4.3
In-situ LTEM observations and magnetoresistance measurements This section explains an in-situ magnetoresistance (MR) experiment that we carried out on the Py pattern in Fig. 2(a) . The MR effect was AMR where the resistance is high when the magnetization is parallel or anti-parallel to the sense current. On the other hand, the resistance is minimum when the magnetization is perpendicular to the sense current.
There is an example of the longitudinal AMR in Fig. 10 , where the magnetic field H is parallel to the sense current. in-situ LTEM images are given in Figs. 10(b)10(g), which were recorded under conditions (b)(g) in Fig. 10(a) . It is well known that the direction of moment in Py films periodically fluctuates inside one magnetic domain and forms a magnetic ripple. A faint contrast (ripple contrast) can correspondingly be identified in the TEM images perpendicularly to the local magnetization. 34, 45, 46) While this contrast is very faint in Fig. 10 , the directions of magnetization (arrows) were roughly estimated by using ripple contrast as a guide.
The region is composed of a single domain where the magnetization is along the left (Fig. 10(b) ) at H = +1.1 kA/m (+14 Oe along the left) after saturation at H = +9.95 kA/m (+125 Oe). The contrast at the top edge is white and that at the bottom is black. When H = ¹1.7 and ¹2.2 kA/m (¹21 and ¹28 Oe along the right), the penetration of cross-tie walls can be identified as black and white lines in Figs. 10(c) and 10(d). The resistance had low values under these conditions. When the DW exited the region, resistance increased ( Fig. 10(e) ). Afterwards, the magnetization was saturated along the left, and the field was reversed. The DW returned to this region at H = +1.75 kA/m (+22 Oe) and resistance decreased (Fig. 10(f ) ). When the DW exited the region, resistance increased again (Fig. 10(g) ).
The MR effect of a thin DW in very narrow ferromagnetic wires is known to exhibit interesting phenomena. 47) However, the patterns in this work is large, and the DW was expected to be thick (e.g., more than 100 nm) as has been reported for continuous Py films. 48, 49) The MR effect due to the DW is quite small in such cases, 50) and thus the reduction in resistance is not caused by the DW itself. The local magnetization about a DW tends to be parallel (or antiparallel) to it as indicated by arrows in Figs. 10(c) and 10(d). As a result, its orientation inclines from the sense current, and thus resistance is thought to be small. Another possibility influencing the MR effect is the strength of the magnetic ripple. The strength of the ripple contrast in earlier woks varied from one domain to another. 51, 52) It was reported that a domain with anti-parallel magnetization to the applied field had clearer contrast than that with the parallel magnetization to the field. 52) This indicates a possibility that the former domain had larger fluctuation in the orientation of the magnetic moment. The local moments in this case are much more inclined from the sense current, and thus resistance is expected to be low. 52, 53) A similar phenomenon is expected, even though this difference in contrast was not clearly observed in this work because of the weak image contrast.
Summary and Conclusion
A TEM holder with a pair of four-pole electromagnets was developed, which enabled us to apply an in-plane magnetic field along any direction. The maximum magnetic field available was ³15.9 kA/m (200 Oe). The design of a doublelayer electromagnet system made it possible to compensate deflection of the electron beam and to observe LTEM images with little image movement. In addition, this holder had electrical circuits to measure resistance. In-situ MR measurements during LTEM observations were carried out with this holder, and a reasonable correlation between the magnetic microstructure and MR properties were confirmed. Samples that have small MR ratios (e.g., 0.1%) must be carefully measured because of the change in temperature, while it may have little influence on devices with MR ratios over several percent. The results in this work demonstrated that this TEM holder that generated an in-plane magnetic field was useful for studying the operating mechanisms of magnetic devices by means of in-situ TEM.
